This study reports a new approach for assembling carbon nanotubes (CNTs) between electrodes combination of optically induced dielectrophoresis force and dielectrophoresis force. Metal electrodes and amorphous silicon layer were first patterned and then used to assemble CNTs. By utilizing moving light patterns, the CNTs could be collected to the central area between two metal electrodes. The CNTs with different concentrations can be collected and aligned to form CNTs lines with different widths. The immobilization of preassembled CNTs was also demonstrated by exposing them to an ultraviolet light source such that they can be fixed at the prealigned location. Then photoresist asher was used to get rid of the cured polymer. The development of the new platform can be promising to massively assemble CNTs.
Introduction
The application of CNTs in various fields has increased dramatically and has made a substantial impact recently since their discovery [1] . For example, they are regarded as promising building blocks for next-generation nanosensing devices due to their high-aspect-ratio structures, unique electronic characteristics, and excellent transducing properties [2, 3] . With advances in micro-and nanotechnologies, these nanosensing devices are capable of metering physical, chemical or biological properties at a micro-or even nanoscale. For instance, CNTs can be trapped and patterned across prefabricated electrode arrays to yield reproducible sensing features in constructing gas sensors [4, 5] . However, there are several issues involved when patterned CNTs across electrodes to form nanosensors. First, reproducible and wellcontrolled patterns of CNTs must be made such that these nanosensors will behave in a reproducible manner from device to device. Furthermore, parallel assembly of these CNTs is crucial for mass production of any CNT-based nanosensors.
A variety of methods for the manipulation of CNTs have been demonstrated in the literature, including guided CNTs growth [6, 7] , magnetic forces [8, 9] , polar molecular patterning [10] , and optical tweezers [11] . For instance, organized CNTs structures can be formed by using chemical vapor deposition such that guided CNTs can grow in situ. Alternatively, pregrown CNTs can be aligned and manipulated after they have been formed. However, it is either a lengthy process or remains challenging when attempts are made to align them in parallel between two electrodes for a large-scale fabrication process. Furthermore, a variety of techniques for modifying the surfaces of CNTs may also give rise to self-assembled ordered structure of CNTs on metal substrates [12] . Alternatively, optical tweezers (OTs) have been explored as a flexible method for the manipulation of CNTs [13] . Although OTs can manipulate objects accurately by using high-power laser beams to trap the nanoobjects, they also need a high-precision positioning process for the manipulation of CNTs, hence, hindering their practical applications. Furthermore, the experimental setup for an OT system is relatively costly.
Recently, another technique, dielectrophoresis (DEP) [14] , has been commonly used for CNT manipulation. For example, CNTs could be aligned between two metal electrodes with ease by using this approach [15, 16] . However, 2 Advances in OptoElectronics the number and the total width of clustered CNTs are difficult to be precisely controlled since the induced DEP force exists only in the neighborhood of the electrodes. Therefore, it may significantly affect the density of the CNTbased nanosensors. Consequently, a primary challenge involved in the fabrication of these nanosensing devices is the controllable manipulation of CNTs, and, thus, it still remains challenging to align a well-controlled number of CNTs between two electrodes. Recently, optically induced dielectrophoresis (ODEP) and optoelectronic tweezers (OET) have been reported to manipulate microparticles [17] , or even metal nanowires and CNTs [18, 19] . Furthermore, the manipulation and patterning of CNTs has been demonstrated [20] . The ODEP was further demonstrated as a powerful tool to manipulate CNTs. However, the attempt to assemble CNTs between electrodes to form a CNT-based nanosensor by utilizing ODEP and dielectrophoresis has never been made. In this study, a new method to assemble CNTs on a nanosensor by using the combination of ODEP and DEP forces was reported for the first time. It may allow for large-scale, parallel assembly of CNTs with a well-controlled width across two electrodes, which is crucial for the practical application of CNT-based nanosensors. Figure 1 shows a schematic illustration of the new approach for assembling CNTs across electrodes. Briefly, the DEP force was used to attract more CNTs around the electrodes. Then, CNTs were collected and transported to the central area between the two electrodes by using the ODEP force from a projected moving light pattern. The width of the CNTs line can be controlled by either the collection time or the initial concentration of the suspended CNTs. The chip was composed of an upper indium-tin-oxide (ITO) glass and a bottom substrate coated with a photoconductive layer (hydrogenated amorphous silicon, a-Si) and patterned metal electrodes. The gap spacing between the top and the bottom layer is typically defined using doublesided tape with 30-μm thickness. The entire region can induce the ODEP force except the metal electrodes since they are not supplied with alternating current (AC) voltages. When an AC voltage was applied across the metal electrodes patterned on the bottom substrate, a lateral nonuniform electric field can be generated. Afterwards, when a projected light source illuminates the a-Si layer, electron-hole pairs were excited, thus, decreasing the impedance of the a-Si layer by 4 to 5 orders of magnitude. Then the AC voltage dropped across the liquid layer inside the illuminated area such that a non-uniform electric field can be induced. The light-illuminated region can be regarded as the "virtual electrode." When CNTs were suspended in the non-uniform electric field, a positive ODEP force can be induced when an appropriate frequency was applied and thus CNTs can be manipulated and prealigned across the electrodes by moving the light patterns which has been programmed by a computer. Therefore, a thin line of CNTs can be aligned across the electrodes. The DEP force for nanotubes with a radius of r and a length of l, including CNTs, can be represented as follows using an elongated ellipsoid model [21] :
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Operating Principle.
where l denotes the length of the nanotubes, εm represents the permittivity of the surrounding medium, r is the radius of the nanotubes, E is the electric field, and Re [K * (ω)] is known as the real part of the Clausius-Mossotti (CM) factor. The induced ODEP forces are proportional to the gradient of the square of the electric field strength [∇(E 2 )] which is directly related to the efficiency of the photoconductivity effect of the a-Si layer. Figure 3 shows a schematic illustration of the simplified fabrication process for the ODEP chip. The chip is with typical sizes of 4 cm × 4 cm. A 10-nm thick molybdenum layer, acting as an adhesive and conductive layer, was first deposited onto a 1-mm thick ITO glass substrate. A 0.5-μm thick a-Si was then deposited on top of the adhesive layer by using a plasma-enhanced chemical vapor deposition (PECVD) process. Then, the a-Si layer was patterned by using a reactive ion etching process. Next, a standard wet ITO etching process was used to pattern ITO electrodes. The purpose of this step was to isolate the ITO electrodes from the photoconductive material layer. Next, the fabrication process involved the deposition of an adhesion layer of 150-Å chrome and a 1000-Å gold electrode layer by using an electron-beam evaporation process. Photolithography was then used to pattern the metal layer into a triangular shape. The two electrodes face inward with a tip-to-tip distance of 70 μm. ODEP and DEP forces can be induced when two AC voltages were applied at different electrodes. diacrylate (PEGDA) and 0.2% w/v photoinitiator (Irgacure 2959) [18] so that the electrical conductivity of the solution formed was around 80 μS/cm. PEGDA is an ultraviolet (UV)-curable polymer [22, 23] that forms a three-dimensional polymer matrix in the presence of an UV source. CNTs with purity not less than 90% were chosen as the solute in this study. Since CNTs are hydrophobic and tend to bundle together, it was difficult to achieve well-dispersed CNTs. After mixing, the CNTs solution was bath sonicated for 1 hour to become more dispersed CNTs and then centrifuged for 3 min at 1500 rpm. Around 5 μL of the solution was then pipetted into the ODEP chip. Figure 2 shows the experimental setup. A digital projector (PJ1172, Viewsonic, Japan) was used to illuminate preprogrammed light patterns as virtual electrodes onto the ODEP platform. A 50x objective lens (Nikon, Japan) was fixed between the projector and the ODEP chip to focus the projected light onto the chip to form light patterns. It was composed of a charge-coupled device (CCD) camera (SSC-DC80, Sony, Japan), an optical microscope (Zoom 125C, OPTEM, USA), and a computer equipped with an image acquisition interface card. The AC voltage was supplied by using two function generators (Model 195, Wavetek, UK; AFG310 TEKTRONIX, USA), and a power amplifier (790 Series, AVC Instrumentation, USA). In this study, an AC power source with a frequency of 100 kHz and a magnitude of 20 Vpp was applied across the top and bottom layers of the ODEP chip to generate an electrical field. Similarly, the voltage applied across the metal electrodes was 30 Vpp with a frequency of 110 kHz. Note that the operating frequencies of these two applied voltages must be different. If the two applied frequencies were the same, the CNTs connected to the electrodes would move up and down, which is a result of the interference between the simultaneous DEP and ODEP forces.
Fabrication Process.
Experimental
Results and Discussion
As mentioned previously, moving light patterns can be used to attract and collect dispersed CNTs in the medium to the center of the electrodes when using ODEP forces. Figure 4 shows a series of photographs for prealigned CNTs at the electrodes. First, an AC potential was applied to the metal electrodes to generate the required electric field for the DEP alignment process (Figure 4(a) ). The CNTs would adhere to the electrodes temporarily. Second, the CNTs were successfully collected by using the ODEP force. CNTs were attracted and collected to a specific area through the manipulation of the moving optical images designed by the computer program (Figures 4(b)-4(e) ). A specific light track to collect suspended CNTs was generated as follows. First, six vertical lines inside a big square were used to collect CNTs. Then, these six lines moved toward the center and then collapsed into two lines to define the width of the CNTs line between two electrodes such that the suspended CNTs were collected horizontally. Finally, another six horizontal lines were generated to collect the suspended CNTs. These six lines moved and then collapsed again to only one line. With this approach, suspended CNTs can be collected and aligned into a thin line across two electrodes. The patterns of the light track were flexible and could be finetuned based on the required line width. Note that the moving speed of the light track should be controlled appropriately. If the light track moved too fast, the CNTs cannot move with the light track so that the collected CNTs may not be enough. It was clearly observed that most of the CNTs in the manipulation area can be successfully collected by animated optical images. In this case, the concentration of the CNTs was 0.51 mg/mL, and the resulting line width of the CNTs was measured to be 15 μm by utilizing both the DEP and ODEP forces (Figure 4(f) ). The operating times for applying the DEP and ODEP forces were five minutes and three minutes, respectively. It was found that the line width of the CNTs can be adjusted by controlling the initial concentrations of CNTs. Figure 5 shows the relationship between the width of CNTs lines and the concentrations of the CNTs at an applied voltage of 20 Vpp. It can be clearly observed that at higher concentrations, the width of the line of CNTs line increases. Note that lower initial CNT concentrations were tested. However, the line of CNTs cannot be formed at concentrations lower than 0.45 mg/mL, indicating that the narrowest width of the nanosensor was 8 μm in our current experimental configuration. The width of CNT line also depended on the light width from the pro-jector. The minimum line width provided by this ODEP plat-form was approximately 5 μm. By adopting a higher power projector and a better optical setup, this minimum line width could be further minimized.
Nevertheless, utilizing the ODEP force only cannot connect the CNTs to the electrodes. Hence, the DEP force was further used before the CNTs were collected. The relationship between the width of the CNT lines and the concentrations of the CNTs using a combination of the ODEP and DEP is also shown in Figure 5 . Some CNTs would connect to the electrode when using DEP so that the CNTs in the neighboring area would decrease. Consequently, the line width will be narrower if utilizing the DEP and the ODEP simultaneously at the same concentration. The fewer number of CNTs connected, the narrower the resulting line width. The coefficients of variation for the measurements of the widths were 10%, 4%, and 6% for CNTs concentrations of 0.45, 0.51, and 0.56 mg/mL, respectively, indicating that the CNT-based nanosensors can be fabricated by using the proposed method with good reproducibility.
Another issue after the alignment of the CNTs is to fix them to the original location. As mentioned previously, an UV illumination (UV-A) through a metal mask for 10 minutes was used to immobilize the CNTs once the nanowires were positioned at the desired location. The UVcurable polymer was then removed by a photoresist asher such that the prealigned CNTs can be used. Note that the time and the power of the photoresist asher need to be controlled carefully to avoid the oxidation and damage of the prealigned CNTs. Figure 6 (a) shows a scanning electron microscopy (SEM) image of CNTs in the photoresist before using the ashing process. After the ashing process, most of the polymers were ashed and the CNTs were exposed for the subsequent sensing applications (Figure 6(b) ).
Conclusion
This study, for the first time, reports a new approach for assembly of carbon nanotubes between electrodes by utilizing optically induced dielectrophoresis and the dielectrophoresis forces. An animated optical pattern was designed to collect the CNTs in the medium. The widths of the CNTs were reasonably controlled. The minimum line width of the CNTs was measured to be 8 μm. Furthermore, the prealigned CNTs were immobilized by exposure to an UV source. This developed platform may be promising for controlling the width of CNTs in nanosensors.
Abbreviation and Nomenclature
AC:
Alternating current a-Si:
Hydrogenated amorphous silicon CCD:
Charge-coupled device CM:
Clausius-Mossotti factor CNTs:
Carbon nanotubes DEP: Dielectrophoretic E:
Intensity of the applied electric field εm:
Electrical permittivity of the surrounding medium Fdep:
Dielectrophoretic force ITO:
Indium-tin-oxide l:
Length of the nanotubes ODEP:
Optically induced dielectrophoresis OET:
Optoelectronic tweezers OT:
Optical tweezers PEGDA:
Poly(ethylene glycol) diacrylate r:
Radius of the nanotubes Re[K * (ω)]: Real part of Clausius-Mossotti factor SEM:
Scanning electron microscopy.
